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Visible light driven non-sacrificial water oxidation
and dye degradation with silver phosphates:
multi-faceted morphology matters†
Arindam Indra, Prashanth W. Menezes, Michael Schwarze and Matthias Driess*
The convenient synthesis of multi-faceted versus irregular shaped
Ag3PO4 microparticles for the visible light driven non-sacrificial water
oxidation is reported. Strikingly, the multi-faceted particles are found to
be more eﬀective for oxygen evolution reaction (OER) by photocatalytic
water oxidation in water and in phosphate buﬀer solutions as well as for
dye degradation in comparison to the irregular shaped particles.
Increasing demand for global energy production and reducing the
amount of greenhouse gases need to find an alternative source of
energy.1 In nature, photosynthesis is the most eﬃcient system for
the conversion of solar to chemical energy.2 Artificial photosynthesis
with visible light is a widely studied area of research for the
alternative source of energy production. Considerable attempts have
been already made to develop the structural and functional mimics
of photosystem II (PS II) for the eﬀective water splitting but the
respective results are still far from the level of operation.3 Since
calcium and manganese exist at the cores of PS II, numerous
heterogeneous manganese oxides and calcium manganese oxide
based catalysts have been synthesized and explored for biomimetic
water oxidation.4
Another functional approach for overall water splitting is to
apply a semiconducting photocatalyst with suitable band gaps and
band positions.5 Photo-excited electron–hole pairs were separated
at the semiconductor catalyst surface where the electrons reduce
protons to generate hydrogen while the holes oxidize water to
evolve dioxygen molecules. Migration of electrons and holes to the
surface by hindering their recombination is themost crucial step to
control the overall process. Design of such an appropriate semi-
conductor with all the aforesaid criteria is difficult to achieve and
therefore, often combination of two materials has been used to
enable overall water splitting. This reaction is indeed considered as
the two coupled half reactions that generate hydrogen and oxygen
from water.6 However, oxidation of water to oxygen is regarded as
the bottleneck of the overall water splitting process as it involves
four electrons and four protons transfer with the thermodynamic
and kinetic limitations.7
Several photocatalysts have been investigated for the photo-
chemical and photoelectrochemical water oxidation reactions.8
In fact, the metal ion doped, substituted or intercalated titanium
oxides, tantalum oxides, niobium oxides are proven to be
extremely active for the visible light driven water oxidation.9
Successful eﬀorts leading to control and alteration of the band
gaps by substituting the oxygen atoms of the metal oxide with
heteroatoms (nitrogen or sulphur) have been made and were
found to be very eﬀective.10 Recent developments demonstrated
that tungsten oxide (WO3) can act as a suitable oxygen evolution
reaction (OER) catalyst in the visible region in the presence of a
co-catalyst and a sacrificial agent.11 Bismuth vanadate (BiVO4)
12
and ferric oxide (Fe2O3)
13 photoanodes for the water splitting
under visible light irradiation were also extensively studied.
Silver phosphate (Ag3PO4) has a band gap of 2.4 eV and can
absorb visible light. Interestingly, its band edge values are more
positive than the oxidation potential of water, making it a
potential candidate for water oxidation.14 Photochemical water
oxidation with Ag3PO4 in the presence of silver nitrate (AgNO3) as
the sacrificial electron acceptor was first reported by Yi et al.15
Nevertheless, for the overall water splitting, the OER half reaction
should be performed in the absence of any sacrificial agent.
Ag3PO4 is also well known to show degradation of dye under
visible light irradiation.16 Lately, Ye et al. described that enhanced
catalytic activity for the dye degradation was due to the sharp
corner and edges of silver phosphate of submicron-structured
cubes.16 Superior photocatalytic performance for the degradation
of Rhodamin B dye was achieved with concave trisoctahedral
Ag3PO4 with high-index facets.
17 It was reported that rhombic
dodecahedron microcrystals of Ag3PO4 show better photocatalytic
activity than cubic microcrystals for the dye degradation under
visible light irradiation.18
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For both, the OER and the dye degradation, as the catalytic
activity of Ag3PO4 increases, photocorrosion of the catalyst becomes
unavoidable. Therefore, it is challenging to change the synthetic
protocol to prepare Ag3PO4 with novel morphology that could
enhance the catalytic activity with increased photostability.
Herein, we report the synthesis of Ag3PO4 nanoparticles with
multi-faceted vs. irregular morphology. The latter materials were
studied both for the photochemical OER in the absence of any
sacrificial agent in water (pH = 7) as well as in phosphate buﬀers
(pH = 1–10). Comparison of the catalytic performance of the newly
synthesized material with other well known WO3 and BiVO4
photocatalysts revealed that only Ag3PO4 was efficient in non-
sacrificial water oxidation whereas negligible amounts of oxygen
were produced with other two photocatalysts. Degradation of
organic dye Methyl Blue (MB) was also achieved in a faster rate
for multi-faceted Ag3PO4 than the irregular shaped ones.
Ag3PO4(1) nanoparticles were synthesized in water-in-oil
emulsion by the reaction of AgNO3 and phosphoric acid (see
Experimental and Scheme 1). Ag3PO4(2) was synthesized by the
stoichiometric reaction of Na2HPO4 (48 mg) and AgNO3 (169 mg)
in 10 mL of water at room temperature. For the comparison of
photocatalytic activity under non-sacrificial conditions, BiVO4
was prepared by the literature reported procedure19 while WO3
was purchased from Sigma-Aldrich.
SEM images of Ag3PO4(1) show multi-faceted particles with
the size of 600–700 nm. The particle faces are mostly smooth
and have sharp edges (Fig. 1a). For Ag3PO4(2), smaller irregular
shaped particles forming a layered structure were observed
(Fig. 1b). Obviously, the synthesis of Ag3PO4(1) microparticles
in the presence of oleic acid and water-in-oil emulsion helps in
building the multi-faceted morphology with sharp edges. The
EDX spectrum of Ag3PO4(1) confirmed the presence of Ag, P
and O as the only elements (Fig. S1, ESI†).
Reflections obtained from the powder X-ray diﬀraction (PXRD)
patterns revealed that both synthesized Ag3PO4 crystallise in the
body centered cubic (bcc) structure as shown in Fig. 2 and Fig. S2
(ESI†).20 The crystal structure of Ag3PO4 comprises of a phosphate
tetrahedron sharing its corners with four oxygen atoms (Fig. 2, inset).
The lattice parameters (a = 6.004 Å) of Ag3PO4(1) and Ag3PO4(2) are in
accordance with the previously reported cubic structure ( JCPDS
70-702). Diﬀuse reflectance spectra of both Ag3PO4 displayed strong
absorbance starting at 520 nm (Fig. 3). Band gaps of the synthesized
photocatalysts were determined using the Kubelka–Munk equation:
(ahn)1/2 = A(hn  Eg) where a, n, A, and Eg are the absorption
coefficient, light frequency, proportionality constant and band gap,
respectively. Extrapolating the plot of (ahn)1/2 vs. hn, the band gap was
calculated to be 2.24 eV and 2.32 eV for Ag3PO4(1) and Ag3PO4(2),
respectively. This indicates that multifaceted morphology of the
nanoparticles leads to the narrowing of the band gap.
The narrow band gap of the synthesized materials prompted us
to examine them as water oxidation catalysts under visible light
irradiation. As described earlier, the main objective of this work
was to study non-sacrificial water oxidation under visible light
irradiation. First, 10 mg of the catalyst and 2 mL of water (degased)
were taken in a reactor by maintaining the temperature at 20 1C.
A xenon lamp of 300 W with a cut oﬀ filter of 420 nm was used for
irradiation and the amount of dissolved oxygen molecules was
detected using a Clark electrode. It was observed that both Ag3PO4
catalysts were active in oxidizing water to oxygen under visible light
irradiation. The amount of oxygen produced in 5 minutes for
Ag3PO4(1) was 150 mmol L
1 vs. 90 mmol L1 for Ag3PO4(2) as
Scheme 1 Synthetic routes for the preparation of the multi-faceted vs.
irregular shaped silver phosphate microparticles.
Fig. 1 SEM images of (a) multi-faceted Ag3PO4(1), inset showing a single
particle from two diﬀerent directions and (b) irregular shaped Ag3PO4(2).
Fig. 2 Powder XRD pattern and the crystal structure (shown in inset) of
Ag3PO4(1). PO4 tetrahedron: blue; Ag: violet; O: red.
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shown in Fig. 4. The higher photocatalytic activity of Ag3PO4(1)
could be explained by the multi-faceted morphology with sharp
edges and clear faces and not the surface area, as both Ag3PO4(1)
(30 m2 g1) and Ag3PO4(2) (27 m
2 g1) display similar values. Non-
sacrificial water oxidation under similar reaction conditions was
also studied for the other two well known BiVO4 and WO3 photo-
catalysts. Negligible amounts of oxygen were detected in both cases
when irradiated with visible light. This is a remarkable finding
proving that Ag3PO4 can act as a photocatalyst for non-sacrificial
water oxidation. This gives a unique possibility to combine Ag3PO4
as the OER part with a hydrogen evolution catalyst for the overall
water splitting. It should be noted that OER with Ag3PO4 does not
require any co-catalysts. However, the main problem associated
with this system is the photostability of the catalyst over time which
leads to the decrease in activity due to catalyst degradation.
After the successful use of Ag3PO4 as the non-sacrificial
water oxidation catalyst, we further proceeded to improve the
photostability of the catalyst. Bi et al. reported that photostability
of Ag3PO4 particles was increased after AgCl coating.
20 In the
present case, the photostability of Ag3PO4 could not be increased
after the surface coating with AgCl but led to a substantial
decrease in photocatalytic activity. Even coating with silica and
TiO2 did not improve the photostability where again significant
loss in catalytic activity was observed.
Tremendous enhancement in the photocatalytic activity as well
as photostability was observed by changing the reaction medium
from water to phosphate buﬀer (pH = 7.2). Under similar reaction
conditions applied for water, 280 mmol L1 of oxygen were produced
by Ag3PO4(1) whereas Ag3PO4(2) produced 210 mmol L
1 in phos-
phate buﬀer (Fig. 4). We carried out the reactions for a longer period
of time and the stability of the catalysts was improved. Re-use of the
catalyst for the 2nd and 3rd run was also successfully achieved in
phosphate buﬀer. During water oxidation experiments under visible
light irradiation the reduction of Ag3PO4 to Ag occurs according to
the following equation:15
4Ag3PO4 þ 6H2Oþ 12 hþ 12 e !hn 12Agþ 4H3PO4 þ 3O2
The higher stability of the catalyst in phosphate buﬀer could
be explained by the presence of excess of phosphate ions which
slow down the formation of elemental silver. Powder XRD of
Ag3PO4(1) after the photochemical experiment (5 minutes) in
phosphate buﬀer did not show any detectable amount of silver
formation whereas appearance of Ag reflections could be seen
by prolonging the reaction period to 60 minutes (Fig. S3, ESI†).
Phosphate buﬀers with diﬀerent pH were studied for the water
oxidation and it was observed that neutral pH produced the
best results. Lower pH decreased the activity whereas a certain
increase in activity was observed in basic medium but stability
of the catalyst was lost quickly (Fig. 5).
Furthermore, photocatalytic activities of Ag3PO4 catalysts
have been studied for the degradation of Methyl Blue (MB)
dye under visible light irradiation (Fig. S4, ESI†). Both catalysts
showed excellent activities in MB degradation as shown in
Fig. 6, but the activities of multi-faceted Ag3PO4(1) are far better
than those of the irregular Ag3PO4(2) particles. It should be
noted here that a higher concentration of dye and a low amount
of catalyst were selected for the studies, to avoid large extent of
adsorption of dye on the catalyst surface. MB was completely
degraded within 6 minutes with Ag3PO4(1) whereas 30 minutes
Fig. 3 UV-Vis diﬀuse reflectance spectra of Ag3PO4(1) and Ag3PO4(2).
Determination of the band gap, (ahn)1/2 vs. hn, is shown in inset.
Fig. 4 Visible light driven non-sacrificial water oxidation with multi-
faceted Ag3PO4(1) and irregular shaped Ag3PO4(2) against BiVO4 and WO3.
Fig. 5 Visible light driven non-sacrificial water oxidation with Ag3PO4(1)
and Ag3PO4(2) represented in black and red lines, in phosphate buﬀer at
various pH values.
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were required for Ag3PO4(2) under visible light irradiation.
First, the adsorption of dye was studied on the catalyst surface
and a slight decrease in the absorbance was observed after
15 minutes of stirring under dark. Photodegradation of MB
with commercially available TiO2 P25 shows that Ag3PO4 are far
better catalysts. The MB degradation rate was evaluated based
on first order kinetics and the rate constants were found to be
0.50, 0.15 and 0.004 min1 for Ag3PO4(1), Ag3PO4(2) and P25,
respectively. Further, enhancement in the photocatalytic activity
of Ag3PO4(1) was attributed to the ‘clean’ faces and sharp edges vs.
the situation of Ag3PO4(2).
In summary, we reported the synthesis and very diﬀerent
activity of multi-faceted vs. irregularly shaped silver phosphate
particles for the non-sacrificial water oxidation. In phosphate
buﬀer (pH = 7.2), an excellent rate of oxygen evolution was
observed with increased photostability under visible light irra-
diation (>420 nm) at 20 1C. For the photodegradation of Methyl
Blue (MB), higher activity of the multi-faceted particles was
observed in comparison to the irregular shaped samples. Non-
sacrificial water oxidation with multi-faceted silver phosphate
particles could lead to overall water splitting by successful
coupling of the material with an eﬃcient hydrogen evolution
catalyst.
Experimental
Synthesis of Ag3PO4(1): in a typical synthesis, 169 mg of AgNO3
was dissolved in 5 mL of water; 5 mL of oleic acid in 5 mL of
ethanol was added to the solution and stirred for 10 minutes.
Subsequently, 1 mL of phosphoric acid in 5 mL of ethanol was
added dropwise to the mixture and stirred for one hour. The
yellow solid thus obtained was centrifuged out, washed several
times with water and ethanol and dried at 50 1C.
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